Frequently occurring epidemics of influenza A virus (IAV) infection are major causes of morbidity and mortality, particularly in young children, elderly and pregnant individuals.^[@bib1]^ A total of 3--5 million cases of severe influenza cases are reported annually worldwide, and between 250 000--500 000 people across the globe die each year as a direct result of influenza infection.^[@bib2]^ The particular strain, H1N1 caused a devastating pandemic in 1918, which lasted for more than a year. It is estimated that one-third of the world\'s population was infected due to this outbreak, which killed up to 50 million people in the first 25 weeks.^[@bib3]^ The three major pandemic outbreaks of influenza in the past 10 years have caused millions of deaths, and future pandemics are expected to exert a similarly devastating impact on human society.^[@bib4]^

The annexins are a family of Ca^2+^ and phospholipid binding proteins structurally comprised of a tightly packed hydrophilic core domain made of *α*-helices.^[@bib5]^ The C terminal is highly conserved but N terminal is unique for each annexin.^[@bib6]^ The annexins have been shown to play a role in both enhancing susceptibility and protecting against a number of infectious diseases, such as tuberculosis,^[@bib7]^ Hepatitis C^[@bib8]^ and IAV. Annexin-A5 was identified as a receptor for IAV^[@bib9]^ and assists the entry of IAV into cells.^[@bib10]^ Annexin-A2 supports viral replication when incorporated into IAV by converting plasminogen into plasmin.^[@bib9],\ [@bib11]^ However, annexin-A6 binds viral M2 protein (Ma *et al.* 2012)^[@bib12]^ and increases late endosomal cholesterol levels^[@bib13]^ to inhibit IAV replication. The role of ANXA1 in IAV is unclear, but ANXA1 levels are upregulated in porcine monocytes infected with swine flu virus.^[@bib14]^ ANXA1 is an immune-modulatory protein that plays an important role in various cellular processes including the inhibition of cellular infiltration and inflammation in many models of disease.^[@bib15]^

Apoptosis is the intrinsically-controlled-programmed cell death that occurs during physiological and pathological conditions. IAV has been shown to induce apoptosis in many cell types^[@bib16],\ [@bib17]^ and three of the 12 genes of the IAV have been implicated to be involved in apoptosis.^[@bib18]^ Apoptosis was originally considered to be an anti-viral host defense, while later research demonstrated that overexpression of anti-apoptotic protein, Bcl-2, lead to lowered viral titers.^[@bib19]^ ANXA1 has been reported to be a pro-apoptotic protein, where cellular ANXA1 expression induces spontaneous apoptosis^[@bib20]^ and enhanced apoptosis in response to apoptotic stimuli such as TNF-*α* or TRAIL.^[@bib21],\ [@bib22]^ ANXA1 is shown to mediate caspase-3 activation, BAD de-phosphorylation, which induces BAD translocation to the mitochondria.^[@bib21],\ [@bib22]^

Here, we examined the importance of ANXA1 in H1N1 IAV infection, replication and apoptosis *in vitro* and *in vivo*.

Results
=======

ANXA1 deficient mice are protected against IAV infection
--------------------------------------------------------

WT and ANXA1 deficient (^−/−^) mice infected with a lethal dose (25 pfu/g) of A/Puerto Rico/8/1934(H1N1) Influenza A virus (A/PR8) intra-tracheally. Mice were euthanized after they had lost more than 25% of initial body weight as an assessment of infection severity. ANXA1^−/−^ mice exhibited significantly lower weight loss following A/PR8 infection ([Figure 1a](#fig1){ref-type="fig"}) which resulted in more survival of ANXA1^−/−^ mice ([Figure 1b](#fig1){ref-type="fig"}). Mice were euthanised 3 and 5 days post-infection (DPI) with A/PR8 and lungs were processed for viral titer determination by plaque assay. At 5 DPI, significantly lower virus titers were observed in ANXA1^−/−^ mice ([Figure 1c](#fig1){ref-type="fig"}, *P*\<0.05). Significantly lower expression of viral genes (quantified by qPCR using M gene and NS1) were observed in ANXA1^−/−^ lungs at 5 DPI compared to WT lungs ([Figures 1d and e](#fig1){ref-type="fig"}). As 25 pfu/g is a high dose of virus, the levels of virus at 3 DPI may overwhelm the host, even in the absence of ANXA1. Therefore, we determined if infected mice with a sub-lethal dose of A/PR8 (12.5 pfu/g). A significant reduction in body weight was observed in WT but not ANXA1^−/−^ mice at 3 DPI ([Figure 1f](#fig1){ref-type="fig"}), which was mirrored with significantly lower viral gene expression in the lungs of ANXA1^−/−^ mice ([Figures 1g and h](#fig1){ref-type="fig"}). These results indicate that loss of ANXA1 reduces virus titers during IAV infection, and ANXA1 is an important factor in IAV-induced morbidities.

ANXA1 deficiency does not result in differences in cytokine production
----------------------------------------------------------------------

WT and ANXA1^−/−^ mice were infected with 25 pfu/g A/PR8 and bronchoalveolar lavage fluid (BAL) was collected and cytokines were measured using ELISA. The pro-inflammatory cytokines IL-1*β* and IL-12 peaked at 1DPI, similar to the anti-inflammatory cytokines IL-10 and TGF-*β*, while TNF-*α* peaked at day 3. Similarly, the anti-viral cytokines IFN *α*/*β* reached maximal levels at 3 DPI. IL-6 and IFN*γ* increased in a time-dependent manner from 1 to 7 DPI, maximal at day 7, similar to the time-course of albumin leakage into the lung, indicating lung damage ([Figure 2a](#fig2){ref-type="fig"}, [Supplementary Figure S1](#sup1){ref-type="supplementary-material"}). The only observable and significant difference was seen with TNF-*α* at 3 DPI, where ANXA1^−/−^ mice exhibited higher levels of TNF-*α*, with no differences in other cytokines tested.

ANXA1 deficiency results in enhanced leukocyte recruitment to the lungs following IAV infection
-----------------------------------------------------------------------------------------------

We next determined the role of ANXA1 in inflammatory cell recruitment into the lungs after IAV infection. The total number of leukocytes in the BAL was higher in ANXA1^−/−^ mice at 7 DPI ([Figure 2d](#fig2){ref-type="fig"}). Using multi-color flow cytometry staining for CD45+ cells ([Figure 2e](#fig2){ref-type="fig"}), an accumulation of neutrophils (Ly6G+SiglecF−), alveolar macrophages (Ly6G-SiglecF+), eosinophils (Ly6G+SiglecF+) and lymphocytes (Ly6G-SiglecF-CD11c-CD3/CD19+) were observed at 3 DPI while lymphocyte infiltration peaked at 7 DPI ([Figures 2f--i](#fig2){ref-type="fig"}). A significant increase in neutrophils at 3 and 7 DPI, and lymphocytes at 7 DPI was observed in ANXA1^−/−^ mice. To confirm this, histopathology of uninfected and infected lungs using H&E staining was performed ([Figure 2j](#fig2){ref-type="fig"}). No significant pathology was observed in uninfected lungs. By 5 DPI, mild inflammatory cell infiltrate was observed in the peribronchiolar compartment and red blood cells were also detected in the conducting airways and the alveolar air spaces, indicative of pulmonary hemorrhage. By 10 DPI, inflammation was moderate and did not extend to the alveolar parenchyma in the WT lungs, while severe inflammatory cell infiltrate of the peribronchiolar space with a greater magnitude of inflammatory foci was observed in the alveolar parenchyma of ANXA1^−/−^ lungs. The degree of inflammation was scored and showed that ANXA1^−/−^ lungs display greater tissue inflammation compared with WT BALB/c mice 10 DPI ([Figure 2k](#fig2){ref-type="fig"}).

ANXA1 is increased and cleaved upon infection
---------------------------------------------

A significant increase in ANXA1 mRNA was observed at 1 DPI ([Figure 3a](#fig3){ref-type="fig"}). This translated to lung protein levels, which were increased at 3 DPI. In addition, cleavage of ANXA1 into a 33 kD fragment was also evident at 3 DPI ([Figure 3b](#fig3){ref-type="fig"}). *In vitro*, A549 human lung epithelial cells were infected with 1 and 10 MOI A/PR8 and ANXA1 mRNA levels increased in a biphasic manner, significant as early as 3 h post-infection after infection ([Figure 3c](#fig3){ref-type="fig"}). This biphasic increase in ANXA1 was also observed at protein levels. By 24 h, ANXA1 is seen to be cleaved with maximum levels at 48 h post-infection ([Figure 3d](#fig3){ref-type="fig"}).

To determine if this could be translated clinically, nasopharyngeal swab fluid was obtained from healthy participants or patients hospitalized with acute respiratory tract infections and PCR+ for influenza A H1N1 or H3N2 virus.^[@bib23]^ Higher levels of ANXA1 were observed in influenza infected patients compared with fluid from healthy controls ([Figure 3e](#fig3){ref-type="fig"}).

ANXA1 enhances virus replication *in vitro*
-------------------------------------------

A549 lung epithelial cells were transfected with scrambled or ANXA1-shRNA prior to infection with IAV for 24 and 48 h. M gene and NS1 gene expression was observed to be 2 logs lower in ANXA1-shRNA supernatants 24 and 48 h PI ([Figures 4a and b](#fig4){ref-type="fig"}). Silencing of ANXA1 decreased virus load using a plaque assay by 1 log in the supernatants of infected cells at 24 and 48 h PI ([Figure 4c](#fig4){ref-type="fig"}). Further, overexpression of ANXA1 induced significantly higher virus titers ([Figure 4d](#fig4){ref-type="fig"}).

ANXA1 affects virus binding at the host cell surface
----------------------------------------------------

To systematically dissect the time course and location where ANXA1 may affect IAV replication and subsequent propagation, we performed confocal microscopy of IAV nucleoprotein (NP). First, to determine if ANXA1 modulates the binding of the virus to the host cell, IAV (1 MOI) was added to scr-shRNA or ANXA1-shRNA A549 cells on ice, which prevents endocytosis. After the indicated time points, excess virus particles were washed away and the cells were stained with ANXA1 and viral NP antibodies. Control shRNA cells contained more viral particles per cell while ANXA1-shRNA cells contained significantly less NP-expressing viral particles per cell ([Figures 5a and b](#fig5){ref-type="fig"}). ANXA1 affects viral binding through a calcium-dependent manner, as ANXA1 is found in the membrane as a calcium binding protein, and this membrane pool of ANXA1 can be removed by EDTA. Treatment of cells with EDTA resulted in lower viral particles per cell when infected with 5 MOI of IAV even after 15 min of binding ([Figures 5c and d](#fig5){ref-type="fig"}).

Silencing ANXA1 reduces viral uptake at early time points
---------------------------------------------------------

Scr-shRNA and ANXA1-shRNA cells were infected with IAV for 1, 2 and 4 h and the number of viral particles per cell was assessed using confocal microscopy. A significant reduction (by 2 fold) in the number of viral particles was observed in ANXA1-shRNA cells infected for 4 h ([Figures 5e and f](#fig5){ref-type="fig"}, [Supplementary Figure S2](#sup1){ref-type="supplementary-material"}). The fluorescence intensity of ANXA1 was approximately 50% less in ANXA1-shRNA cells compared with scr-shRNA cells, confirming the silencing of ANXA1.

Silencing ANXA1 reduces viral transport to the nucleus
------------------------------------------------------

Scr-shRNA and ANXA1-shRNA cells were infected with IAV for longer time points of 8, 12, 24 and 36 h. The number of cells with NP in the nucleus was lower in ANXA1-shRNA cells at 4 h of infection, as well as at later time points of infection ([Figures 5g and h](#fig5){ref-type="fig"}, [Supplementary Figures S3 and S4](#sup1){ref-type="supplementary-material"}). Therefore, we determined if viral transport in the endosomes to the nucleus was modulated by ANXA1 by examining the percentage of viruses in early endosomes (EE) and late endosomes (LE) after IAV infection. As EE are cycling endosomes, control uninfected cells also contain EE and LE ([Supplementary Figures S5 and S6](#sup1){ref-type="supplementary-material"}). Upon IAV infection, colocalization of EE and viral NP proteins was lower in ANXA1-shRNA cells after 15 min and 30 min of infection ([Figures 6a, c and d](#fig6){ref-type="fig"}, [Supplementary Figure S5](#sup1){ref-type="supplementary-material"}). This was not a consequence of less EE in ANXA1-shRNA cells, as both Scr-sh and ANXA1-sh cells contained similar EE content when uninfected or infected ([Figure 6b](#fig6){ref-type="fig"}). After 45 min of infection, the number of virus particles colocalizing with LE was also lower in ANXA1-shRNA cells compared with scr-shRNA control cells ([Figures 6e, g and h](#fig6){ref-type="fig"},[Supplementary Figure S6](#sup1){ref-type="supplementary-material"}), without affecting the LE content once again ([Figure 6f](#fig6){ref-type="fig"}). To determine if this is due to ANXA1 localization in the EE and LE, we assessed the colocalization of ANXA1 with EE and LE. [Figure 6i](#fig6){ref-type="fig"} shows that ANXA1 is colocalized and recruited to EE specifically around the nucleus in uninfected, but more in IAV infected cells. Similarly, ANXA1 can be found colocalized with LE around in the nucleus in both uninfected and IAV infected cells.

ANXA1 promotes virus-induced apoptosis and caspase-3 activation
---------------------------------------------------------------

IAV has been shown to promote caspase-3 dependent apoptosis for virus propagation, and previous studies have shown that ANXA1 can promote apoptosis. Apoptosis, analyzed through the cleavage of caspase 3 and 7 in the lungs of mice 3 DPI with A/PR8 was increased in WT but not ANXA1^−/−^ mice ([Figure 7a](#fig7){ref-type="fig"}). When lung epithelial cells were cultured from WT and ANXA1^−/−^ mice and subjected to infection *ex vivo*, ANXV-PI staining showed that apoptosis more evident in WT (23.9% ANXV+PI−) than ANXA1^−/−^ cells (6.2% ANXV+PI−) ([Figure 7b](#fig7){ref-type="fig"}). *In vitro*, silencing ANXA1 reduced cell viability in uninfected cells ([Figure 7c](#fig7){ref-type="fig"}), and resulted in significantly enhanced cell viability after 24 h IAV infection ([Figure 7d](#fig7){ref-type="fig"}). Further, IAV infection induced caspase-3/7 activity, cleaved caspase-3 and cleaved PARP, which was significantly inhibited when ANXA1 was silenced ([Figures 7e--g](#fig7){ref-type="fig"}). Similarly, BAX translocation to the mitochondria and AIF translocation from the mitochondria to the cytosol and cytochrome C release was lower in ANXA1-shRNA transfected cells after IAV infection ([Figures 7h and i](#fig7){ref-type="fig"}). Collectively, these data establish that ANXA1 deficiency inhibits IAV-induced apoptosis, which may lead to lower virus replication.

Role of NF-*κ*B and AKT in ANXA1-dependent apoptosis
----------------------------------------------------

NF-*κ*B has been widely reported as a pro-survival gene and ANXA1 has previously been shown to regulate NF-*κ*B, either positively or negatively, depending on the cell type and stimulus used. Inactivation of NF-*κ*B by ANXA1 upon infection might lead to higher apoptosis and, hence, higher viral loads. After 4 h of IAV infection, cells overexpressing ANXA1 exhibited lower NF-*κ*B promoter activity ([Figures 8a and b](#fig8){ref-type="fig"}). This was not due to an effect on viability, as cells overexpressing ANXA1 exhibited higher viability, while in contrast, cells silenced for ANXA1 exhibited lower viability ([Supplementary Figure S7](#sup1){ref-type="supplementary-material"}). [Figure 8b](#fig8){ref-type="fig"} shows that Akt phosphorylation increases in a time-dependant manner upon influenza infection and is more activated in the absence of ANXA1. To determine if Akt regulates NF-*κ*B and downstream apoptotic proteins, cells were pretreated with an Akt1 inhibitor A674563 before IAV infection. AKT phosphorylation increases with IAV infection, and is not inhibited by A674563, as this inhibitor works by blocking the activation of downstream targets ([Figure 8c](#fig8){ref-type="fig"}). ANXA1 silenced cells exhibited higher p65 and IkB*α* phosphorylation, which is Akt dependent ([Figure 8d](#fig8){ref-type="fig"}). Finally, we discovered that inhibitor of apoptosis cIAP2, but not cIAP1 or xIAP, is increased upon IAV infection and more highly expressed when ANXA1 is silenced.

ANXA1 associates with NS1
-------------------------

A549 cells were infected with PR8 virus and an immunoprecipitation was done with NS1 and M2. After 4 and 8 h of infection, ANXA1 can associate with NS1, but not M2 ([Figure 9a](#fig9){ref-type="fig"}). Further, a co-immunoprecipitation was performed with ANXA1 plasmids cotransfected with plasmids to various IAV proteins such as NS1, M2 and PB1-F2. Once again, ANXA1 is seen to associate with NS1, which may suggest a possible physical association between ANXA1 and NS1 ([Figure 9b](#fig9){ref-type="fig"}).

In summary, our results show that ANXA1^−/−^ mice are protected against influenza infection and this is related to lower viral replication and propagation in lung epithelial cells. ANXA1 is involved in the binding, uptake and trafficking of the virus to the nucleus. In addition, we show that IAV can induce apoptosis, which is dependent on the presence of ANXA1. Therefore, the presence of ANXA1 enhances apoptosis, which can lead to greater virus replication ([Figure 10](#fig10){ref-type="fig"}).

Discussion
==========

Our present findings support an important role for ANXA1 in a mouse model of IAV infection. The loss of this gene in an *in vivo* model results in protection against flu infection with decreased weight loss and increased survival as IAV was unable to propagate efficiently in ANXA1^−/−^ mice. Indeed, the presence of ANXA1 leads to lower inflammation and higher IAV replication through the enhancement of viral transport into the nucleus. This leads to more apoptosis and increased viral replication. Moreover, ANXA1 is a virus-inducible protein *in vivo* and *in vitro,* which indicates that the induction of ANXA1 during infection may be a strategy for the virus to enhance its infectivity.

Our *in vivo* results show that high levels of ANXA1 is detrimental to the host, resulting in more weight loss and IAV-induced morbidity, due to higher viral titers and viral propagation. ANXA1 has been shown to be an anti-inflammatory mediator, modulating cytokine production in response to zymosan^[@bib24],\ [@bib25]^ or LPS^[@bib24]^ and in an asthma mouse model.^[@bib26],\ [@bib27],\ [@bib28],\ [@bib29]^ However, ANXA1 may also promote anti-viral cytokine production in response to poly(I:C),^[@bib30]^ and ANXA1^−/−^ dendritic cells exhibit a mature phenotype and produced less pro-inflammatory cytokines.^[@bib26]^ Therefore it may be possible that no difference in cytokine production was observed in the bronchoalveolar fluid due to the crossing out of functions of ANXA1, that is, in some cell types, ANXA1 inhibits cytokine production, while in others, ANXA1 promotes cytokine production. We also showed that ANXA1^−/−^ mice exhibited markedly higher leukocyte infiltration in the lungs after infection. This is similar to previous studies where ANXA1 inhibited leukocyte recruitment in various models of inflammation.^[@bib28],\ [@bib31],\ [@bib32]^ ANXA1 may modulate leukocyte migration by inhibiting adhesion to the endothelium,^[@bib33]^ after being secreted by neutrophils upon adhesion.^[@bib34]^

We have shown that ANXA1 is a virus-regulated host protein, which is induced and cleaved at later time points. This could be a host response, or result of an interplay between the host cell and the proteins of the virus such as NS1 that could modulate ANXA1 expression. These results are similar to other studies where ANXA1 levels were upregulated in porcine monocytes infected with swine flu virus.^[@bib14]^ Similar cleavage of ANXA1 was reported in tuberculosis infection,^[@bib7]^ and allergen induced asthma.^[@bib27]^ This cleavage is thought to be a result of proteolytic action of enzymes such as elastase or calpain and cleaves at the N-terminal of the protein. In addition, ANXA1 is cleaved at its C-terminus by serine proteases and it has been hypothesized that this cleaved form is pro-inflammatory,^[@bib35]^ while the N-terminal peptide has long been known to be anti-inflammatory. This 33 kDa cleaved form devoid of the N-terminus is present in high amounts in bronchoalveolar lavage from cystic fibrosis patients and correlates with amount of neutrophil infiltration.^[@bib36]^ In addition, a cleavage-resistant ANXA1 exhibited stronger anti-inflammatory effects.^[@bib35],\ [@bib37]^ This indicates that the cleavage of ANXA1 may result in the inactivation of ANXA1\'s anti-inflammatory functions or that the cleaved ANXA1 may have pro-inflammatory functions.

We also have demonstrated that ANXA1 can bind to NS1. NS1 is a non-essential viral gene that has been implicated in a number of strategies, which viruses use to evade the host immune response,^[@bib38]^ such as the inhibition of IFN*α*/*β* production, which results in uncontrolled virus replication. In addition, NS1 can activate PI3K which is upstream of AKT,^[@bib39]^ and furthermore, NS1 was shown to inhibit apoptosis through the activation of PI3K.^[@bib39],\ [@bib40]^ Interestingly, we show here that ANXA1 can enhance IAV-induced apoptosis through the inhibition of AKT activation. Therefore, ANXA1 may induce apoptosis in response to IAV infection through the inhibition of NS1 activity.

Through loss and gain of function studies, we have confirmed that ANXA1 plays a role in the binding and entry, and these lower viral titers after silencing ANXA1 are also reflected after budding into the supernatant. We also show that ANXA1 is important in the trafficking of the virus to the nucleus, where ANXA1 expressing A549 cells exhibit higher nuclear viral NP. Further, ANXA1 may regulate the endosomal trafficking of the virus to the nucleus. Although ANXA1 has not been implicated in the binding of virus to the host cell, other cell surface receptors such as EGF-R have been shown to enhance binding of other viruses to the host cell. Interestingly, ANXA1 is a substrate of the EGF-R tyrosine kinase.^[@bib41]^ The N-terminus of ANXA1 has been shown to be associated with endosomal membranes,^[@bib42]^ and ANXA1 can regulate EGF-induced inward vesiculation by accumulating on the internal vesicles of multivesicular endosomes.^[@bib43]^

Apoptosis plays an important role in influenza virus propagation^[@bib44]^ and ANXA1 is a pro-apoptotic molecule,^[@bib20],\ [@bib44]^ which may assist the propagation of the virus and hence lower survival of the mice. ANXA1 may induce dephosphorylation of BAD upon infection and allow its transportation to the nucleus for induction of apoptosis through intrinsic pathway^[@bib45]^ as IAV has also been shown to induce apoptosis via BAD-mediated mitochondrial dysregulation.^[@bib46]^ Our results show that ANXA1 enhances BAX translocation to, and cytochrome C release from the mitochondria, which in turn can result in the activation of caspase 3/7 and the induction of apoptosis. IAV has previously been shown to induce caspase-3-dependent apoptosis,^[@bib18]^ and our results extend a new arm to the current dogma, which shows that ANXA1 is upstream of caspase-3 as well as AKT.^[@bib44]^ In our study, ANXA1 was found to inhibit NF-*κ*B activity induced by IAV infection. Previous studies in cancer cells demonstrated that ANXA1 can regulate other signaling pathways important in the regulation of NF-*κ*B, such as ERK.^[@bib47],\ [@bib48]^ In addition, ANXA1 can regulate NF-*κ*B activation, either positively^[@bib47],\ [@bib49]^ or negatively^[@bib50],\ [@bib51]^ depending on the stimulus and cell type used. Active NF-*κ*B signaling is required for virus infection,^[@bib52]^ and NF*-κ*B has been shown to be important in the synthesis of viral RNA.^[@bib53]^ Therefore, ANXA1 may enhance the expression and activity of NF-[*k*]{.smallcaps}B during IAV infection and promote virus propagation.

In summary, our study shows that ANXA1 plays a critical role during IAV, which involves promoting virus inward trafficking to the nucleus ([Figure 10](#fig10){ref-type="fig"}) and IAV-induced apoptosis. As apoptosis is one of the mechanisms through which IAV promotes its propagation, it is likely that it is responsible for the reduced viral titers observed in the absence of ANXA1. ANXA1 mRNA expression is increased during infection, and is also cleaved, which may indicate that it is a host factor that may be modulated by the virus.

Materials and Methods
=====================

Ethics statement
----------------

All experiments were performed in strict accordance with the guidelines of the National Advisory Committee for Laboratory Animal Research (NACLAR) and approved Institutional Animal Care and Use Committee (IACUC) protocols at the National University of Singapore. For clinical samples, the collection and recruitment was approved by the National Healthcare Group\'s Domain Specific Institutional Review Board (NUS IRB Ref 09/641).

Patient recruitment
-------------------

Written informed consent forms were collected from healthy volunteers and patients with PCR+Influenza A H3N2 or H1N1 patients within a period of 14 days from the onset of the infection for the study, prior to collection of the nasal swabs as previously described.^[@bib24]^ This was approved by the National Healthcare Group\'s Domain Specific Institutional Review Board (NUS IRB Ref 09/641).

Mice
----

BALB/c ANXA1^−/−^ mice were a kind gift from Prof. Roderick Flower, QMUL, UK. Mice were age matched and BALB/c mice were used as control mice for each experiment. All mice were maintained under pathogen-free conditions in the animal housing unit and were transferred to the ABSL2 facility for experiments involving infection with IAV.

Viruses
-------

For viral propagation, 1HAU virus was injected into 10--12 day incubated chicken eggs and further incubated for 3 days. On day 3, the eggs were chilled at −80 °C to euthanize the embryo and the allantoic fluid was collected. The fluid was spun in 100 000 MWCO concentrators to concentrate the virus and viral plaque assays were performed to quantify the viral titers.

Infection
---------

Mice were infected intra-tracheally (rather than intranasally, as intra-tracheal infection has less variability) with either 25 pfu/g or 12.5 pfu/g of H1N1/PR8 virus in 20 *μ*l of PBS. Their body weight was measured daily and they were euthanized when a loss of 25% of initial body weight was observed. A549 cells were cultured in F-12K media (Sigma-Aldrich, Singapore) supplemented with 10% FBS and 1% penicillin--streptomycin solution. Cells were washed once with PBS and then infected with indicated MOIs in serum free F-12K media for 1 h, after which cells were washed with PBS and replaced with fresh media.

Plaque assay
------------

Serial ten-fold dilutions of lung homogenates were allowed to adsorb onto confluent monolayers of Madin Darby Canine Kidney cells (MDCK) on a 24-well plate for 1 h. The supernatant was then removed and replaced with 1% agarose supplemented with serum free Dulbecco\'s Modified Eagle Medium (DMEM) (Hyclone, Logan, Utah, USA) and 2 *μ*g/ml TPCK (L(tosylamido-2-phenyl) ethyl chloromethyl ketone) treated Trypsin. Plates were then incubated for 3--4 days at 37 °C in 5% CO~2~. Subsequently, agarose overlays were removed and the plaques were visualized after addition of crystal violet stain.

Real time PCR
-------------

Lungs were harvested from infected mice and small pieces were cut and stored in RNAlater immediately. Total RNA was extracted from the lungs using an RNeasy kit (Qiagen, Limburg, Netherlands). Viral RNA from supernatants was isolated using GeneJet viral DNA/RNA purification kit (Life Technologies, Carlsbad, CA, USA). A total of 500 ng of total RNA was reverse transcribed using MuMLV reverse transcriptase (Promega, Madison, WI, USA). For quantification of ANXA1, a SYBR green-based real-time PCR method was used, and *β*-actin mRNA was quantified to normalize the total RNA concentration between different samples. Primers for ANXA1 used: F: 5′-AAGGTGTGGATGAAGCAACC-3′ R: 5′-TGCATCAAACTGAGCTGGAG-3′ and *β*-actin were F: 5′-CCCAAGGCCAACCGCGAGAAGAT-3′ and R: 5′-GTCCCGGCCAGCCAGGTCCAG-3′. The primers for viral M1/M2 gene detection were F: 5′-GGACTGCAGCGTTAGACGCTT-3′ R:5′-CATCCTGTTGTATATGAGGCCCAT-3′. A standard curve of 10^1^--10^8^ PFU/ml was performed and all data from viral M1/M2 PCR was converted to viral particles (PFU/ml). A reaction mix of 20 *μ*l was composed of 1 *μ*l of each gene-specific primer at 10 *μ*M, 10 *μ*l of SYBR green master mix, 2 *μ*l of 10-fold-diluted cDNA, and 6 *μ*l of distilled water. The amplification program was as follows: 95 °C for 5 min followed by 40 cycles of 95 °C for 10 s, 60 °C for 10 s and 72 °C for 10 s. The specificity of the assay was confirmed by melting curve analysis at the end of the amplification program.

Cytokine production
-------------------

Bronchoalveolar lavage fluid was obtained from uninfected and infected mice at 1,3 and 7 days post-infection. Fluids were spun down to remove contaminating leukocytes and supernatants were analyzed for IFN-*γ*, IL-6, IL-12p70, IL-10, IL-1*β*, TNF*α*, TGF-*β*, IFN*α*, (Ebioscience, San Diego, CA, USA) and IFN*β* (Biolegend, San Diego, CA, USA) following the manufacturer\'s instructions. ANXA1 levels in nasal swab fluid was analyzed using a homemade ELISA. Briefly, Nunc Maxisorb (NUNC) 96 well plates were coated with 50 *μ*l of 1 *μ*g/ml goat anti-ANXA1 antibody (Santa Cruz) in PBS overnight at 4 °C. Plates were washed and blocked with 1% BSA for 1 h. Plates were washed again and samples were added to the wells overnight at 4 °C. Wells were aspirated and washed and 50 *μ*l of 0.5 *μ*g/ml rabbit anti-ANXA1 antibody (Invitrogen, Carlsbad CA, USA) was added for 1 h at room temperature, followed with washing and addition of 50 *μ*l of 1 *μ*g/ml donkey anti-rabbit horse radish peroxidase (Santa Cruz, Dallas, TX, USA) for 1 h. Wells were washed and substrate was added for up to 15 min in the dark. Plates were read in a plate reader at 450 nm.

Cellular infiltration
---------------------

Bronchoalveolar lavage fluid was obtained from uninfected and infected mice 7 days post infection and was spun to separate the cells and lavage. The red blood cells were removed using a lysis buffer and cells were counted using a hemacytometer. These cells were then stained with CD45, Cd11c, CD3/B220, Ly6-G and Siglec F to determine the cellular composition.

**Eosinophils---**CD45^+^ SigF^+^ Ly6G^+^ F4/80^−^ CD11c^low^

**Neutrophils (PMNs**)---CD45^+^ SigF^−^ Ly6G^+^

**Alveolar macrophages**---CD45^+^ Sig F^+^ Ly6G^int^ CD11c^+^ F480^+^

**Lymphocytes**---CD45^+^ SigF^−^ Ly6G^−^ F4/80^−^ CD14^−^ CD3/CD19^+^

Histology
---------

Lungs were harvested and fixed in 4% paraformaldehyde. To evaluate inflammation processed and sliced tissues were stained with haematoxylin and eosin. Lung sections were scored blinded on a score of 0--3, no inflammation; 1, mild, inflammatory cell infiltrate of the perivascular/peribronchiolar compartment; 2, moderate, inflammatory cell infiltrate of the perivascular/peribronchiolar space with modest extension into the alveolar parenchyma; 3. severe, inflammatory cell infiltrate of the perivascular/peribronchiolar space with a greater magnitude of inflammatory foci found in the alveolar parenchyma.

Western blot
------------

Cells were harvested and lysed, supernatant was collected and stored at −80 °C until evaluation by SDS-PAGE analysis. Equal amounts of protein from each sample were subjected to 10% SDS-PAGE at a constant voltage of 125 V. The proteins were transferred onto nitrocellulose membranes (Bio-Rad, Hercules, CA, USA). Proteins were determined by Western blotting with specific antibodies, and expression signals were obtained by enhanced chemiluminescence. Protein expression was normalized to GAPDH or tubulin levels.

Confocal microscopy
-------------------

Cells were seeded onto sterilized glass coverslips contained in 24-well plates. Cells were infected with indicated MOI of influenza virus either on ice or incubated at 37 °C for indicated times. After indicated times of infection, cells were washed with cold phosphate-buffered saline and fixed with cold 3% paraformaldehyde in PBS for 30 min at 4 °C. Cells were then washed and incubated with anti-rabbit ANXA1or influenza A NP antibody diluted in 2% (v/v) fetal bovine serum, 2% (w/v) bovine serum albumin in PBS, for 1 h at room temperature. After which, the coverslip was washed and cells were next incubated with fluorophore-conjugated secondary antibody Alexa488 anti-rabbit IgG (Invitrogen). After the final wash, each coverslip was prepared for confocal analysis on a Zeiss confocal microscope. Images were processed using Imaris software (Zurich, Switzerland).

Statistical analysis
--------------------

Statistical significance was determined by the Student *t* test or analysis of variance for multiple comparisons of normal distributions (*post-hoc* tests using the Bonferroni test), with a value of *P*\<0.05 considered to be statistically significant. For survival curves, log rank (mantel cox) test was used.
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![Annexin-A1 reduces survival and enhances morbidity and virus replication after influenza virus A/PR/8/34 infection. Wild-type and Annexin-A1 (ANXA1) ^−/−^ mice were infected intra-tracheally with 25 pfu/g influenza A/PR/8/34 and survival was monitored up to 12 days post infection. (**a**) Weight loss was significantly reduced in ANXA1^−/−^ (*n*=10) mice compared with wild-type mice (*n*=10). (**b**) ANXA1^−/−^ mice (*n*=10) exhibited significantly reduced mortality compared with the wild type mice (*n*=10) (*p*=0.0084, log rank). (**c**) Lungs were extracted at day 5 post-infection and assessed for viral titers using plaque assays on MDCK cells. (**d**) M viral gene expression or (**e**) NS1 gene expression was assessed at indicated days post-infection using qPCR. CT values were converted to viral titers using a standard curve for M gene or NS1 expression. (**f**) Mice were infected with a sub-lethal dose of IAV (12.5 pfu/g). Weight loss was significantly reduced in ANXA1^−/−^ (*n*=4) mice compared with wild-type mice (*n*=4) at day 3 post-infection. (**g**) Lungs were extracted at day 3 post-infection and assessed for viral titers using plaque assays on MDCK cells. (**h**) NS1 viral gene expression was assessed at day 3 post-infection using qPCR. CT values were converted to viral titers using a standard curve for M gene or NS1 expression. \**P*\<0.05, \*\**P*\<0.01](cdd201619f1){#fig1}

![ANXA1 deficiency does not affect cytokine production in the lungs, but enhances leukocyte infiltration wild-type and Annexin-A1 (ANXA1)^−/−^ mice were infected intra-tracheally with influenza A/PR/8/34. (**a**--**c**) Cell free bronchoalveolar lavage fluids were analyzed at indicated days post-infection for the indicated cytokines. \*\**P*\<0.01 *versus* WT on the same day. (**d**) Total cells were counted using trypan blue staining. (**e**--**i**) Differential leukocyte quantification was performed using multicolor flow cytometry with the indicated antibodies. \**P*\<0.05; \*\**P*\<0.01 *versus* UI control. *^ξ^P*\<0.05; *^ξξ^P*\<0.01 *versus* WT on the same day. (**j**) Lungs were harvested 5 days and 10 days post-infection from WT and ANXA1^−/−^ mice, respectively, and stained with haematoxylin and Eosin. (**k**) Histological scoring of representative lung sections. Results shown are of *n*=4--5 mice per group, repeated at least twice](cdd201619f2){#fig2}

![ANXA1 is induced and cleaved upon IAV infection. (**a** and **b**) Wild-type and Annexin-A1 (ANXA1)^−/−^ deficient mice were infected intra-tracheally with influenza A/PR/8/34. Lungs were extracted at indicated days post-infection and assessed for ANXA1 expression using qPCR (mean±S.E. of 3 mice) or Western blotting. (**c** and **d**) A549 lung epithelial cells were infected with 1 MOI of A/PR8. ANXA1 expression was measured at indicated time points using qPCR (mean±S.E. of at least 3 independent experiments,\**P*\<0.05, \*\**P*\<0.01 *versus* UI) or Western blotting. (**e**) ANXA1 expression in nasal swabs from healthy controls or influenza A infected patients was measured using ELISA. \**P*\<0.05 in 12 controls and 11 patients](cdd201619f3){#fig3}

![ANXA1 promotes virus replication *in vitro*. (**a** and **b**) Scramble or ANXA1-shRNA transfected A549 lung epithelial cells were infected with 1 MOI of influenza A/PR8 for the indicated time points. Virus was quantified in supernatants using qPCR for M gene expression or NS1 expression. CT values were converted to viral particles using a standard curve for M1 or NS1 expression (mean±S.D. of duplicates with at least three independent repeats). (**c**) Viral titers were measured in the supernatants using plaque assays (mean±S.D. of duplicates with at least three independent repeats). (**d**) A549 cells transfected with empty vector (EV) or ANXA1 pcDNA3.1-V5 (ANXA1-V5) were infected with 1 MOI of influenza A/PR8. Virus was quantified in supernatants using qPCR for M1 gene expression. CT values were converted to viral particles using a standard curve for M1 expression (mean±S.E. of three independent experiments. \**P*\<0.05; \*\**P*\<0.01 *versus* Scr-sh or EV at the same time points](cdd201619f4){#fig4}

![ANXA1 enhances IAV binding and nuclear infection. (**a** and **b**) Scramble or ANXA1-shRNA transfected A549 lung epithelial cells were infected with 1 MOI of influenza A/PR8 for the indicated time points on ice. (**c** and **d**). A549 cells were washed with PBS or PBS+3 mM EDTA for 30 min prior to infection with 1 MOI of influenza A/PR8 for 15 min on ice. (**e**--**h**) Scramble or ANXA1-shRNA transfected A549 lung epithelial cells were infected with 1 MOI of influenza A/PR8 for the indicated time points at 37 °C. Viral NP (red) and ANXA1 (green) were visualized using confocal microscopy. For **a**--**f**, the number of viral particles were quantified per cell. For **g** and **h**, the per cent of cells with infected nuclei were counted per field](cdd201619f5){#fig5}

![ANXA1 enhances early and late endosome trafficking of IAV. Scramble or ANXA1-shRNA transfected A549 lung epithelial cells were infected with 1 MOI of influenza A/PR8 for the indicated time points. (**a**) Percentage of virus colocalized in early endosomes was quantified. (**b**) Number of early endosomes per cell was quantified. (**c** and **d**) Early endosomes were stained with Rab5a (green), viral NP (red) and DAPI (blue). (**e**) Percentage of virus colocalized in late endosomes was quantified. (**f**) Number of late endosomes per cell was quantified. (**g** and **h**) Late endosomes were stained with Rab7a (green), viral NP (red) and DAPI (blue). (**i**) Colocalization of ANXA (red) and early (Rab5a)/late (Rab7a) endosomes (green)](cdd201619f6){#fig6}

![ANXA1 enhances IAV-induced apoptosis. Wild-type and Annexin-A1 (ANXA1)^−/−^ deficient mice were infected intra-tracheally with influenza A/PR/8/34. Lungs were extracted at 3 days post-infection and apoptosis was assessed using (**a**) caspase 3 or 7 cleavage or (**b**) Annexin-V/PI staining. Tubulin was used as a loading control. (**c** and **d**) A549 lung epithelial cells (control or shRNA silenced for ANXA1 (ANXA1-sh) were infected with 1 MOI of influenza A/PR8. Cell viability was assessed after 24 h using crystal violet staining. (**e**) Caspase-3 activity was measured in control or ANXA1-siRNA A549 cells uninfected or infected with 1 MOI of influenza A/PR/8/34 for indicated times. \**P*\<0.05; \*\**P*\<0.01 *versus* 0. (**f**) A549 cells were infected with media (M) or indicated MOI of influenza A/PR8 for 24 h. Cell lysates were subjected to immunoblot analysis for the indicated antibodies. GADPH was used as a loading control. (**g** and **h**) Scramble and ANXA1-shRNA transfected A549 cells were infected with 1 MOI of influenza A/PR8 and cells were lysed at the indicated time points and subjected to immunoblot analysis for the indicated antibodies. (**i**) Scramble and ANXA1-shRNA transfected A549 cells were infected with 5 MOI of influenza A/PR8 and cells were fractionated into mitochondrial and cytosolic fractions at the indicated time points and subjected to immunoblot analysis for the indicated antibodies. AIF was used as a mitochondrial loading control and GAPDH was used as a cytosolic loading control](cdd201619f7){#fig7}

![ANXA1 inhibits IAV-induced NF-*κ*B activation and enhances AKT activation. (**a** and **b**) Scramble and ANXA1-shRNA transfected A549 cells, or EV and ANXA1-V5 cells were transfected with pNF-*κ*B-luc reporter and renilla-plasmids for 48 h and infected with 1 MOI of influenza A/PR/8/34 for 4 h. Luciferase activity was measured after 4 h of infection. Luciferase activity was calculated by normalizing with the pGL-luc reporter controls (mean±S.E. of at least 3 independent experiments,\*\**P*\<0.01 *versus* Scr-sh infected cells). (**c** and **d**) Scramble and ANXA1-shRNA transfected A549 cells were infected with 1 MOI of influenza A/PR/8/34 and cells were lysed at the indicated time points and subjected to immunoblot analysis for the indicated antibodies](cdd201619f8){#fig8}

![ANXA1 associates with NS1 viral protein. (**a**) A549 lung epithelial cells were infected with 1 MOI of A/PR8 and immunoprecipitation was performed with mouse IgG or mouse anti-ANXA1 antibody and probed with the antibodies to the viral proteins. (**b**) 293T cells were transfected with the indicated plasmids for 36 h and co-immunoprecipitation was performed by pulling down with Flag-beads and immunostained with the indicated antibodies. Results are representative of two independent experiments](cdd201619f9){#fig9}

![Summary figure. During the IAV lifecycle, IAV binds to the host cell and is endocytosed into early and late endosomes. Uncoating occurs and the viral membrane fuses to the endosomal membrane, which allows viral RNP to enter the cytoplasm and nucleus. Transcription of viral RNA occurs, and translation of viral protein occurs through host machinery. Nuclear export of viral RNA and budding then occur. (**a**) ANXA1 is shown in this study to enhance binding of the virus to the host cell, and increases endocytosis of the virus. (**b**) ANXA1 is found in early and late endosomes near the nucleus, and silencing of ANXA1 results in lower nuclear infection. (**c**) More virus replication is observed in ANXA1 expressing cells. (**d**) In addition, IAV induces AKT phosphorylation to activate NF-[*k*]{.smallcaps}B and IKB phosphorylation and degradation. cIAP2 is enhanced by IAV, which is AKT dependent. (**e**) ANXA1 is shown to inhibit AKT activation and NF-[*k*]{.smallcaps}B activity. This may result in increased apoptosis. (**f**) ANXA1 promotes the release of cytochrome C from the mitochondria, enhances caspase 3/7 activation and PARP cleavage. (**g**) This leads to apoptosis and enhanced virus replication](cdd201619f10){#fig10}
